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Introduction
With rapid development of ocean technology, unmanned underwater vehicle (UUV) is now being used for more and more missions. Unlike other UUV, autonomous underwater vehicles (AUV) travel without requiring any kind of remote operation [1] , [2] . Thus, it is often used to complete the autonomous navigation, especially path-following task. Path-following control refers to the problem that designing a controller to drive the AUV to follow a predefined path at a desired speed [3] - [5] . That is to say, the vehicle's velocities converge to stable while the orientation tends to be the same to the path. However, in marine environment, ocean current are often playing the role of disturbance in control of AUV [6] . Though current is always relatively low to the velocity of AUV, ocean current still serves as a disturbance for AUV on the exact science research navigation. Thus how to control an AUV accurately to complete an underwater path-following task considering ocean current is still an open challenging problem.
In recent years, path-following issues of underactuated AUV have received a wide attention, and related studies have developed tremendously [7] . The existing AUV path-following control methods could be classified into five types: (1) classical model based control [8] ; (2) sliding mode control [9] ; (3) fuzzy control [10] ; (4) backstepping control [11] and (5) neural networks control [12] . Because complex hydrodynamic forces are relatively difficult to calculate, classical model based control method is not able to describe the motion process of AUV. Especially considering the influence of ocean current, this method is relatively unreliable. Although sliding mode method is usually used for dynamic path-following control of AUV [13] and it has the outstanding robust characters for parameter variations and disturbances, one major drawback of the sliding mode approach is the high-frequency of control action (chattering) [14] . This high-frequency activity causes high heat losses in electrical power circuits and premature wear in actuators.
The backstepping controller is the most commonly used approach for AUV path-following control [15] and it has been adopted in AUV control systems. The main idea of backstepping algorithm is to define control law that stabilizes the closed-loop system. The design of backstepping controller is quite simple and system stability can be proved by Lyapunov stability theory [16] . However, the disadvantage is quite obvious. The velocity control law is directly related to the state errors, large velocities can be generated in large initial errors condition and sharp speed jump occurs when sudden following error happens. It means that the required acceleration and forces or moments may exceed their control constraint even infinite values at the velocity jump points, which is practically impossible.
To solve the disadvantage of classical model based control, sliding mode control and backstepping control, the novel neural network controller is capable of generating appropriate control inputs by using neural networks [17] - [19] . No exact underwater vehicle model is required and thrusters and vehicle's nonlinearities can be well implemented. But there is a great shortage in this tracking control system that the neural network model requires online or offline learning to make the AUV perform properly. This learning procedure is computationally expensive and may not fit for the real-time situation. The fuzzy tracking control approaches do not need online or offline learning and the computation procedure is quite simple [20] . But the rule base is usually obtained by human knowledge, thus it is not able to cover all the possible situations.
In addition, several authors [21] , [22] have only focused on the dynamic control but ignore the motion of ocean current in literatures cited above. In fact, the velocity of ocean current serves a kind of force and torque to drive or obstruct AUV. Therefore, the path-following strategy must consider the effect of practical ocean current.
This paper focuses on the problem of speed jumps and the thruster control constraints for AUV path-following control under the ocean current disturbance. A novel path-following method of AUV by combining a bio-inspired neurodynamics model [23] and the backstepping nonlinear controller is presented. The bio-inspired neurodynamics model is inspired by Hodgkin and Huxley's membrane equation [24] , which does not need learning procedures. The new controller is well designed to accomplish pathfollowing task in the plane and is able to eliminate the speed jumps with considering ocean current.
The paper is structured as follows. After a brief description of the dynamic path-following strategy and the existing problems in Section 1, AUV horizontal kinematic and dynamic models of AUV in the presence of constant ocean current are introduced in Section 2, which followed by description of path-following control strategy. In Section 3, the controller design is elaborately illustrated, including the backstepping controller and the proposed bioinspired controller. In Section 4, simulations and comparisons verify the proposed control method. Section 5 contains the conclusions of the work.
Problem Fo mulation
The type of AUV discussed in this paper is from Laboratory of Underwater Vehicle and Intelligent System, Shanghai Maritime University. The AUV is equipped with two identical back thrusters. The forward force generated by AUV is the total force of thrusters, and the torque is generated by the difference of two thrusters. Therefore, the AUV conforms to the control theory of underactuated vehicle. The structure of AUV is shown in Fig. 1 and the configurations of the thrusters are shown in Fig. 2 .
AUV Kinematic Model for Ocean Current
The frame description and path-following problem can be described in Fig. 3 . Frames {O} and {B} are global coordinate frame and body fixed coordinate frame in the horizontal plane, respectively. Coordinate frame {V} describes the motion law of the virtual target AUV, which generates the path followed by the actual vehicle.
In the design of path-following controller, the inputs of the path-following controller should be: (1) the distance between virtual target AUV and the actual AUV and (2) the angle between the vehicle and the path, which are able to be expressed by frame {V} [25] . Therefore, the coordinate frame {V} is also called error coordinate frame because we establish it to compute the real-time control signals including the relative angle and distance.
The position of actual vehicle is represented by x and y in frame {O}, and ψ denotes the yaw angle of {B} in relation to {O}. The position of virtual vehicle is noted by x V and y V in frame {O}, and ψ V denotes the heading angle of {V} in relation to {O}. Relative distance errors between actual AUV and virtual AUV are e x , e y ; the relative angle between them is e ψ . u and v are surge and sway velocities in body fixed coordinate frame {O}, respectively, and r is the angular speed of the vehicle in body fixed coordinate frame {B}; we also define the sideslip angle as β = arctan(v/u).
In nature, the movement of ocean current is too complicated to be expressed. Therefore, we consider the simple case by assuming the velocity of ocean current is a constant value. Let U x and U y in {O} indicate the longitudinal and transverse components of the ocean current disturbance, respectively. Because we assume that the AUV is moving in the horizontal plane so that there is no vertical velocity. Therefore, the velocity of ocean current in {O} is described as [U x U y 0]
T . The velocity vector of ocean current noted in {B} is [u c v c 0]
T :
where
is the rotation matrix from {O} to {B}. Neglecting the influence of angular velocity made by ocean current, the velocity of AUV relative to ocean current is:
Substituting u and v with u − u c and v − v c , we can conclude the kinematic model of AUV [28] in the presence of ocean current can be written as:
AUV Dynamic Model for Ocean Current
According to the discussion of AUV kinematic model above, the dynamic model of AUV in the presence of ocean current can be written in the form as [26] :
where m is the mass of AUV and the constants m 11 , m 22 , m 33 are the combined inertia and added mass terms; the constants d 11 , d 22 , d 33 represent the hydrodynamic damping terms; I xx is the moment of inertia. Therefore, the dynamic model of AUV in the presence of constant ocean current is:
Path-following Strategy
In the path-following task, AUV must follow a desired path with a specified law. The virtual target AUV generates a desired path which is designed to a motion planner. Generally, the path-following controller should generate a series of commands to guide the AUV accurately to follow a desired path.
To generate a continuous path, the virtual target AUV has its own motion law which is in terms of the curvilinear abscissa of a point x F . The motion equation of virtual target AUV [27] is denoted as:
where the distance error e x serves as a feedback to drive the virtual target AUV's movement; K 1 is a positive constant; the total velocity is v t = √ u 2 + v 2 . Using the coordinate frame {V}, we can define ψ V as the yaw angle from {V} to {O}. The rotation matrix from {O} to {V} is:
Figure 4. Backstepping path-following controller based on the bio-inspired neurodynamics method.
Then the error coordinates can be written as the following form. For details of deducing process of the error coordinates, refer to Micaelli and Samson [28] :
where x V is the curvilinear abscissa of a point on the path which is used to calculate the control law of virtual target AUV and c(x V ) is the path curvature.
As discussed above, the AUV reaches a path generated by a virtual target AUV and follows with stability. The path-following strategy should be design
Controller Design
First, design a kinematic controller to achieve the pathfollowing task. The virtual target AUV generates the following path and allows for computing the errors of position and angle. Then, using backstepping method to meet the dynamic requirements, produce force and torque to get the desired surge and sway velocities. The control scheme is presented in Fig. 4 , which combines a bio-inspired neurodynamics model and a backstepping nonlinear controller [29] - [31] . First, the error vector 
Kinematic Controller for the Virtual Target AUV
Because the AUV we used is an underactuated vehicle, there is no transverse thrusters equipped in the vehicle and the sway velocity is not directly generated by thrusters. Therefore, a kinematic path-following controller for the virtual target AUV with the surge velocity u d and the angular velocity r d is designed by Micaelli and Samson [32] ; u d and r d are surge and sway velocities for the virtual target AUV, respectively.
δ(e y ) = −ψ a e 2k δ ey − 1 e 2k δ ey + 1 (11) where δ(e y ) is used to generate transient manoeuvres during the path-following process [33] - [34] . 0 < ψ a < π/2, k δ > 0, k, K 2 are positive constants.
The Traditional Backstepping Dynamic Controller
Because of the presence of possibly complex, nonlinear hydrodynamic terms, pure kinematic AUV control is not adequate. Therefore, on the basis of kinematic controller, the backstepping method is able to be extended to the dynamics of AUV. As we already obtained the desired kinematics u d and r d , the control signals force and torque should be designed to the form [35] - [36] : 
Based on the analysis and proof, the proposed algorithm is asymptotically stable and the path-following errors are guaranteed to converge to zeros. Therefore, the whole control system is able to make the AUV to complete the path-following task.
Bio-inspired Neurodynamics Model Based Backstepping Path-Following Controller
The traditional backstepping path-following method for (12) is able to make the AUV to complete the pathfollowing task. However, the obvious sharp jumps of velocities always happen at the beginning of motion [38] . The surge and sway velocities of AUV and the angular velocity are all have the speed jump problem. Because the thrusters are not able to generate the force and torque which exceed the maximum force (torque) of the thrusters to achieve enough high speeds, the AUV speed jump occurs. To resolve the speed jump problem, a bio-inspired neurodynamics model is used in this paper to govern the heading direction and forward velocity to be smooth. The bio-inspired neurodynamics model was first developed by Grossberg [39] . It can describe a real-time adaptive behaviour of individuals. It was originally derived based on the membrane model proposed by Hodgkin and Huxley for a patch of membrane using electrical elements. The dynamics of voltage across the membrane can be described in the membrane model using state equation technique as:
where C m is the membrane capacitance. Parameters E k , E Na and E p are the Nernst potentials for potassium ions, sodium ions and passive leak current in the membrane, respectively. Parameters g p and g Na are the conductance of potassium and sodium, and the passive channels are functions of input signals that vary with time. Simplifying by substitution, a shunting is obtained as:
where V is the neural activity (membrane potential) of the neuron. Parameters A, B and D are, respectively, the passive decay rate, the upper and lower bounds of neural activity. The variables S + (t) and S − (t) represent the excitatory and inhibitory input, respectively. The bioinspired dynamic of an individual neuron can be modelled by this equation. The neutron dynamics are restricted to a bounded interval [−D, B]. Thus we can infer the shunting equation to the following form as:
where f (e i ) = max(e i , 0) and g(e i ) = max(−e i , 0). For a system with appropriate chosen inputs, various desirable functional properties, such as competitive, short memory, upper bound and lower bound, can be derived from the model. The bio-inspired neurodynamics model is a continuous differential equation. The systems output V i is guaranteed to stay in a region [−D, B] for any excitatory and inhibitory inputs. It is continuous and smooth. Several advantages including the guaranteed stability and efficient computation are provided by the model for the AUV path-following control. Because of the characteristics of bio-inspired neurodynamics model, the output of the model is bounded in a finite interval and smooth without any sharp jumps when inputs sudden change. Inspired by the smooth neural dynamics of the shunting neural model, the auxiliary signals V sx , V sy and V sψ characterized by a differential equation derived from shunting models are used to replace the errors e x , e y and e ψ in (12). Thus we can get the control strategy as:
where we define the auxiliary signals V sx , V sy and V sψ to satisfy the following equations:
where f (e i ) = max(e i , 0), g(e i ) = max(−e i , 0) and i = x, y, ψ. Due to the dynamic behaviour of V sx , V sy and V sψ as functions of e x , e y and e ψ , the proposed control commands should become smooth functions of position 303 errors. The output of the bio-inspired neurodynamics model changes is smooth without any jumps even when sudden sharp changes occur in the input. Additionally, the output from the bio-inspired neurodynamics model is bonded and the transient response can be adjusted by its passive decay rate.
Simulation
To demonstrate the effectiveness of the proposed bioinspired neurodynamics path-following controller, two simulations are presented in the paper. The hydrodynamic parameters of the AUV are given in Table 1 .
The Straight Line Path-ollowing
Consider the AUV following a straight line path as x = y. The line can be described as follows which starts from point (0, 0) in a global Cartesian coordinate and the orientation is 45
• . The AUV starts from point (20, 0) 
. The values of the constant ocean current are U x = U y = 0.2 m/s.
The path-following performance of AUV is shown in Fig. 5(a) , where the desired path is the black solid line, the actual AUV path with bio-inspired controller (the bioinspired neurodynamics model based backstepping controller) is denoted by the black line and the path with traditional backstepping controller (backstepping controller) is denoted by the grey dashed line; It takes some time to catch up the desired path smoothly for two kinds of methods finally, but the bio-inspired path-following controller has a better tracking performance than the traditional backstepping method, because the tracking error of the proposed method is less than the traditional backstepping method, especially at the initial stage from Fig. 5(a) .
In Fig. 5(b) , the surge, sway and angular velocities using the proposed method are denoted by black line and the traditional backstepping method is denoted by grey dotted line. It can be seen that their velocity responses are obviously different from each other. At the initial time (from t = 0 to 5 s), the controller based on the traditional backstepping approach occurs the sharp speed jumps when tracking errors change suddenly, but the bio-inspired controller shows the smooth and reasonable velocities. That means the proposed controller is capable of eliminating the velocity jump and making the changing process smoother than the traditional backstepping controller.
The control signals force and torque are denoted by black line and grey dotted line for two different control method in Fig. 5(c) , respectively. Figure 5(c) shows that values of force F and torque N based on the traditional backstepping approach are larger than the bio-inspired method. Because force and torque are the joint (total) force and torque generated by multi thruster, it means that every thruster force and torque possibly exceed their maximum values for the traditional backstepping controller. 304 and torque using bio-inspired controller (black) and back step -F Velocity jump of AUV usually happens at the beginning of the motion, because AUV with large tracking errors at the initial time (from t = 0 to 5 s). Velocity jump of AUV should be evaluated by acceleration. Table 2 shows that the max acceleration of the proposed controller is large than that of the backstepping controller at the initial time. So the proposed controller can eliminate the velocity jump. Table 2 also shows the maximum of force and torque for two methods. It can be obviously seen that the traditional backstepping method generates greater value of torque (15 N m), the difference of max total force of two methods is about 2 N. So the bio-inspired neurodynamics model effectively eliminates the speed jump of AUV and truly avoids the overlarge force and torque of every thruster in the system.
The Circle Path-ollowing
Consider an AUV following a circle path as a 2 cos
2 π a y = 1, where a = 25. The AUV starts from point (−10,−70), the parameters of bio-inspired neurodynamics model, control parameters and initial conditions are chosen as the same as the above straight line. The value of the constant ocean current is also the same with the above.
The path-following performance of AUV is shown in Fig. 6(a) . It takes some time to catch up the desired path for two kinds of methods finally, but the bio-inspired pathfollowing controller has a better tracking performance than the traditional backstepping method, because the tracking error of bio-inspired path-following method is less than the traditional backstepping method, especially at the initial stage from Fig. 6(a) .
Although the velocities are not constant and the beginning of the motion in Figs. 5(a) and 6(a), they eventually converge approximately to constant value. Because the path-following system has a response time to acquire a good performance, the H-H equations are not responsible to the limitation of the stability.
In Fig. 6(b) , the surge, sway and angular velocities using the proposed method are denoted by black line and the traditional backstepping method is denoted by grey dashed line. It can be seen that the controller based on the backstepping approach occurs the sharp speed jumps when tracking errors change suddenly at the initial time (from t = 0 to 3). But the bio-inspired controller shows the smooth and reasonable velocities. That means the proposed controller is capable of eliminating the velocity jump and making the changing process smoother than the traditional backstepping controller.
On the other hand, the sharp speed jump also implies that the AUV force and torque should be large enough which exceed the limitation of the design. But in Fig. 6(c) , it can be obviously seen that the difference of max force and torque of two methods is not very much. Because force and torque are the joint (total) force and torque generated by multi thruster, a large velocity jump (such as surge u jump) does not mean large joint (total) force. That is to say, the bio-inspired controller can reduce the force requirement of every thruster and makes the force and torque of single thruster reasonable and smooth, but it does not mean to reduce joint (total) force of AUV. Table 3 shows that the max acceleration of the proposed controller is large than that of the backstepping controller at the initial time (from t = 0 to 3). So the proposed controller can eliminate the velocity jump. Table 3 also shows the maximum of force and torque for two methods. It can be obviously seen that the difference of max force and torque of two methods is not very much. Because force and torque are the joint (total) force and torque generated by multi-thruster, a large velocity jump (such as surge u jump) does not mean large joint (total) force. But the bioinspired neurodynamics model effectively eliminates the speed jump and truly avoids the overlarge force and torque of single thruster in the system.
Conclusion
A novel controller of AUV is proposed by incorporating a bio-inspired neurodynamics model and a nonlinear backstepping path-following control method. Typical kinematic and dynamic models of AUV are used to compute the position of AUV and control signals. Two simulations successfully demonstrated that the proposed method is efficient in eliminating the speed jumps and meeting the thrusters control constraints for AUV path-following control.
